Although mRNA was once thought to be excluded from the axonal compartment, the existence of protein synthesis in growing or regenerating axons in culture is now generally accepted. However, its extent and functional importance remain a subject of intense investigation. Furthermore, unambiguous evidence of mRNA axonal transport and local translation in vivo, in the context of a whole developing organism is still lacking. Here, we provide direct evidence of the presence of mRNAs of the tubb5, nefma, and stmnb2 genes in several types of axons in the developing zebrafish (Danio rerio) embryo, with frequent accumulation at the growth cone. We further show that axonal localization of mRNA is a specific property of a subset of genes, as mRNAs of the huc and neurod genes, abundantly expressed in neurons, were not found in axons. We set up a reporter system in which the 3Ј untranslated region (UTR) of candidate mRNA, fused to a fluorescent protein coding sequence, was expressed in isolated neurons of the zebrafish embryo. Using this reporter, we identified in the 3ЈUTR of tubb5 mRNA a motif necessary and sufficient for axonal localization. Our work thus establishes the zebrafish as a model system to study axonal transport in a whole developing vertebrate organism, provides an experimental frame to assay this transport in vivo and to study its mechanisms, and identifies a new zipcode involved in axonal mRNA localization.
Introduction
In neurons, the essential role of transport and local translation of dendritic messenger RNA (mRNA) in synaptic plasticity has long been recognized (Steward and Levy, 1982) . Conversely, the absence of ribosomes in the presynaptic compartment originally suggested that axons, in contrast to dendrites, were devoid of local protein synthesis (Lasek et al., 1973) . However, studies in recent years have established that axonal protein synthesis does occur during growth or regeneration of axons in culture (for review, Jung et al., 2012) . It has been suggested in particular, that controlled translation of locally stored mRNA could provide the axonal growth cone with fine spatial and temporal responsiveness to its varying environment. In support of this hypothesis, presence of axonal mRNA populations has been demonstrated in diverse vertebrate neuronal types (Bassell et al., 1994; Twiss et al., 2000; Zheng et al., 2001; Lee and Hollenbeck, 2003; Leung et al., 2006; Kundel et al., 2009; Taylor et al., 2009; Glinka et al., 2010) . Essential neuronal functions have been proposed to depend on axonal protein synthesis in these culture systems, including neuron survival (Cox et al., 2008) , axon elongation and regeneration (Zheng et al., 2001; Verma et al., 2005) , growth cone turning, and collapse (Campbell and Holt, 2001; Leung et al., 2006; Yao et al., 2006) .
Although in several cases the 3Ј untranslated region (UTR) of mRNA appears sufficient to drive axonal transport, remarkably little is understood about the underlying mechanisms. In particular, very few specific RNA elements have been characterized as required for transport. The most studied example is the so-called zipcode of the chicken ␤-actin mRNA, which is required for transport to axons (Zhang et al., 2001) and is associated to several protein factors including Zbp1/Imp1 (Ross et al., 1997) .
The large corpus of studies demonstrating the importance of local translation of axonal mRNA in cultured neurons naturally brings the question of whether axonal mRNA transport and translation do also occur in vivo, when neurons grow their processes inside the complex meshwork of tissues of a developing organism. Due to the complexity of the nervous system in higher vertebrates and the small amount that axonal mRNA molecules represent, in vivo evidence of mRNA transport has proved difficult to obtain.
To resolve these questions, we sought to investigate the transport of mRNA molecules to the axonal compartment in a whole organism system amenable to imaging and easy transgenesis. We chose the developing zebrafish embryo as a suitable system fulfilling these requirements. Here, we provide direct evidence of the presence of mRNA in several types of axons in the developing zebrafish embryo, with frequent accumulation at the growth cone. We further show that axonal localization of mRNA is a specific property of a subset of genes, as other abundantly expressed neuronal mRNAs are absent from axons. We present an experimental frame to assay the axonal transport of mRNA in vivo and use it to identify a novel axonal localization zipcode in the 3ЈUTR of tubb5 mRNA.
Materials and Methods
Plasmid constructs. All reporter constructs were made in a Bluescript SK backbone with flanking I-SceI restriction sites (Thermes et al., 2002) . They comprise a promoter module (cloned from the pMaze plasmid in (Collins et al., 2010 ) made of 5 UAS sites followed by a minimal promoter and leader sequence, to which we grafted the coding sequence of myristoylated Venus or mCherry protein, directly followed by the 3ЈUTR sequence of choice, beginning with an EcoRI restriction site immediately after the endogenous stop codon. At its 3Ј end, the 3ЈUTR is followed by a NotI restriction site and a custom polyadenylation/transcription stop signal sequence (5Ј GCGGCCGCGGAATAAAACAAATGGTTTTGAA TTTAACATCTTTATAGTCGTTTCTGTAAAACTCTTCAtggtggtgcgtg 3Ј; uppercase letters indicate the residues incorporated into the mature transcript) copied from the zebrafish neuroD gene.
3ЈUTR sequences were PCR-amplified from IMAGE clone cDNAs when available: nefma (549 nt), stmn2b (884 nt), tubb5 (911 nt) or from genomic DNA: zebrafish actb1 (521 nt), actb2 (564 nt), huC/elavl3 (1762 nt), neuroD (1025 nt), mouse ␤-actin (733 nt), ␥-actin (701 nt), and chicken ␤-actin (539 nt), flanked with EcoRI and NotI sites, and cloned into a single UAS:myr-Venus or UAS:myr-mCherry vector using these restriction enzymes. When a gene had ambiguous or multiple 3ЈUTRs, the longest sequence annotated in the UCSC database was used. Reference coding sequences of mCherry (Shaner et al., 2004) , and Venus (Nagai et al., 2002) were used. Detailed sequences are available upon request.
Zebrafish strains, maintenance, and injections. Zebrafish were raised and maintained as described previously (Kimmel et al., 1995) . Embryos of either sex were staged according to the number of hours postfertilization (hpf) or days postfertilization (dpf) at 28°C. Zebrafish eggs of the huC:Gal4 transgenic line were obtained by crossing transgenic parents with wild-type mates. Plasmid DNA was injected into the animal cell at 1-2 cell stage at 20 ng/l in 1X I-SceI digestion buffer, complemented with 0.5 u/l I-SceI meganuclease (Roche). The resulting transient transgenic embryos were sorted at 1-2 d for fluorescent protein expression in neurons.
Nocodazole treatments were performed essentially as described previously (Butler et al., 2010) . Twenty-six hours postfertilization, embryos were transferred to E3 medium containing 0.5 or 1 M nocodazole (stock solution at 33 mM in dimethylsulfoxide (DMSO); Sigma-Aldrich, M1404), or 1/33000 DMSO as a control, for 6 h before fixation. With these parameters, no obvious morphological defects could be observed in live treated embryos, in addition to an abnormally curved body shape.
Whole-mount in situ hybridization and immunostaining. We optimized a fluorescence in situ hybridization protocol (Fontaine et al., 2013) for the detection of mRNA in axons, using in vitro transcribed digoxigeninor fluorescein-labeled probes. Embryos were fixed overnight in 4% PFA, dehydrated for storage in methanol at Ϫ20°C, and then rehydrated. When necessary, rehydrated embryos were depigmented in 0.1 M KOH/3% H 2 O 2 . Probe hybridization and washes were then performed according to standard methods. Immunodetection of the probe was done overnight with anti-digoxigenin or anti-fluorescein peroxidaseconjugated antibodies (Roche), diluted 1/100 or 1/200 in maleate buffer supplemented with 2% Boehringer Blocking Reagent (Roche). Peroxidase activity was detected with FITC-or Cy3-coupled tyramide (10 g/ ml), prepared as described by Davidson and Keller (1999) , in the presence of 0.001% H 2 O 2 . For joint immunodetection of protein, primary antibodies to GFP/Venus (Aves Laboratories, GFP-1020; 1:500) or acetylated-tubulin (Sigma-Aldrich, T-6793; 1:500), were included in the incubation mix. They were detected after the tyramide staining, using appropriate dye-conjugated secondary antibodies: anti-chicken IgY (Jackson Immunoresearch; 1:500), anti-mouse IgG (Molecular Probes; 1:500). mbp (Lyons et al., 2005) and neuroD (Lecaudey et al., 2007) probes were published previously. All probes used are available upon request.
Data analysis. Processed embryos were flat-mounted on microscope slides, then imaged on a Nikon Eclipse E800 epifluorescence microscope or on a Leica Sp5 confocal microscope. For quantifying the transport of each reporter construct, between 11 and 81 transgenic embryos were analyzed and neurons were scored separately for each of the following gross subdivisions of the zebrafish nervous system at the 1.5 d stage: forebrain, midbrain, hindbrain, spinal cord, and cranial ganglia. We considered only neurons that displayed both venus RNA and myrVenus protein signal in their cell body, and had a clearly myrVenus-labeled process. Each such neuron was assigned to one of three classes. Class 1: no RNA signal outside of the cell body. Class 2: RNA signal present in the axon proximal segment (approximated by measuring one cell diameter along the axon). Class 3: RNA signal present in the axon. We observed the same tendencies in all five categories in terms of axonal localization: neuronal types did not seem to play a biasing role. Therefore, we subsequently merged all scored neurons for a given construct.
Results
Because no instance of axonal mRNA transport has yet been reported in the zebrafish, we started our study by selecting candidate genes whose mRNA could be detected in axons in at least one of the large-scale screens conducted on rat Taylor et al., 2009; Gumy et al., 2011) , mouse, and Xenopus cultured neurons. Among the top-listed genes, we selected nefm, stathmin-like 2b, and tubulin␤5, which have been repeatedly detected in these screens (Table 1) and whose orthologues showed neuronspecific expression profiles in the early zebrafish embryo, ac- Numbers in the table represent the rank, in the ordered list of axonal mRNA species detected in each study, of the mRNA orthologous to the considered zebrafish gene. ND, Not detected.
cording to the Zebrafish Model Organism Database (ZFIN; zfin.org). To test the axonal localization of candidate mRNAs in the whole embryo context, we used sensitive fluorescent in situ hybridization detection combined with immunolabeling of axons. nefma (neurofilament medium polypeptide a) is a zebrafish orthologue of nefm and encodes a neurofilament intermediate chain. Remarkably, RT-PCR assays have previously indicated the presence of nefm mRNA in the axoplasm of the goldfish Mauthner neuron (Weiner et al., 1996) . In zebrafish embryos at the 3 dpf stage, we found nefma mRNA in Mauthner axons (Fig.  1C ), but also in diencephalic axons projecting posteriorly ( Fig.  1A ) and in axons forming the posterior lateral line nerve (Fig. 1B) . Although expression of neurofilament-encoding genes is normally restricted to neurons, we wanted to exclude the possibility that the signal we observed could result from expression in oligodendrocytes that wrap around these large caliber axons. We performed simultaneous detection of nefma and mbp mRNAs. As previously described (Lyons et al., 2009) , mbp mRNA was readily detected in oligodendrocyte cell bodies as well as in their projections wrapped around the Mauthner axon, but clearly differed from nefma distribution ( Fig. 1G-GЉ) . Noticeably, nefma was totally absent from oligodendrocyte cell bodies, ruling out the possibility that the nefma mRNA molecules in the Mauthner axons could originate from glial cells.
In contrast to nefma, stmn2b (stathmin-like 2b, encoding a regulator of microtubule remodeling) and tubb5 (encoding the tubulin␤5 microtubule subunit) are widely expressed in a large number of neurons. We thus focused our study on isolated nerves, permitting to clearly detect weak RNA axonal labeling without being perturbed by high expression in neighboring cell bodies. stmn2b and tubb5 were both expressed in retinal ganglion cells, which project axons to the optic tectum, forming the optic nerve. We found that both mRNAs were present in the optic nerve ( Fig. 1D-EЈ) . The weak stmn2b staining in the retina and the optic nerve prompted us to perform control ISH with a stmn2b sense probe. The resulting signal consisted in even weaker punctate signal scattered throughout the whole tissue (data not shown), suggesting that the larger, more intense dots observed with the antisense probe in the optic nerve did correspond to an actual signal, distinct from ISH background noise. We also visualized tubb5 in peripheral cranial nerves, such as glossopharyngeal and vagal axonal projections ( Fig. 1 F, FЈ) .
Hence, as summarized in Table 2 , several mRNA species display axonal localization in the context of a whole developing vertebrate organism, in both the PNS and CNS.
To determine whether axonal localization in zebrafish embryos resulted from a specific capacity of some mRNA species, as opposed to a generic property of neuronal mRNA, we examined other genes, absent from the list of candidate axonal mRNAs For each of the three probed genes, the observed mRNA signals in axons was attributed a qualitative score. ϩϩϩAbundant axonal accumulation; ϩϩclear, but sparser axonal signal; ϩweak signal.
collated from large-scale studies (Table 1) . We selected the neuronal markers neurod and huc/elavl3 because they are highly expressed in most types of neurons. Although high amounts of neurod ( Fig. 2A-AЉ) and huc ( Fig. 2B -BЉ) mRNA were present in several cranial ganglia, we never observed them in the corresponding cranial nerves ( Fig. 2A-BЉ) , demonstrating their exclusion from the axonal compartment. To confirm this observation, we compared the subcellular localization of huc and tubb5 mRNAs expressed in the same neurons. At 3.5 dpf, retinal ganglion cells (RGCs) expressed both transcripts ( Fig. 2C-DЉ ), but only tubb5 mRNA was observed in the optic nerve formed by RGC axonal projections (Fig. 2CЈ ,DЈ), whereas huc mRNA was restricted to the RGC cell bodies (Fig. 2C,D) . The differential axonal localization of those two mRNAs was already observed at 1.5 dpf (Fig. 2E-EЉ) . Both genes were also highly expressed in the posterior lateral line (pll) ganglion at 1.5 dpf (Fig. 2F-FЉ) . tubb5 mRNA could readily be observed in the projecting pll nerve (Fig.  2FЈ) , whereas huc was never detected in this nerve (Fig. 2F ) . Thus, our results indicate that only specific mRNA species localize to axons, whereas others are retained in the cell body.
To test the dependence of this mRNA axonal localization on microtubule integrity, we analyzed tubb5 mRNA localization in the pll nerve of embryos treated with the microtubule polymerization inhibitor nocodazole (Butler et al., 2010) . We found a severe reduction of the proximal RNA labeling in nocodazoletreated embryos (Fig. 3C -CЉ) compared with DMSO-treated ( Fig. 3B-BЉ) or control (Fig. 3A-AЉ) embryos. Distal RNA labeling was less affected, which may be explained if it corresponds to molecules that had already been sent to the axonal compartment at the time of nocodazole treatment. Scoring multiple embryos showed that although 11/11 control and 7/10 DMSO-treated embryos had detectable tubb5 mRNA all along the length of the pll nerve, the proportion dropped to 2/9 in embryos treated with 0.5 M nocodazole, and 0/10 for embryos treated with 1 M nocodazole, indicating a dose-dependent effect. Therefore, this axonal mRNA localization requires microtubule integrity, suggesting that it reflects selective transport along the axon.
Next, we designed a reporter system aimed at investigating the mechanisms of in vivo axonal mRNA localization. Previous studies have emphasized the role of the 3ЈUTR in mRNA transport mechanisms. We grafted candidate 3ЈUTRs next to the coding sequence of a membrane-bound fluorescent protein (myristoylated Venus), placed under the control of a minimal promoter linked to 5 UAS sites (Fig. 4A ). An exclusively neuronal, mosaic expression of the reporter was obtained by injecting the DNA construct into the eggs of stable transgenic embryos expressing . Staining is shown in RGCs and optic nerve at 3.5 dpf (C-D؆) and at 1.5 dpf (E-E؆), and in the lateral line ganglion and nerve at 1.5 dpf (F-F؆). In C-C؆ and E-E؆, huc mRNA, detected with tyramide-Cy3, is shown in red and tubb5 mRNA, detected with tyramide-FITC, is shown in green. In D-D؆ and F-F؆, huc mRNA, detected with tyramide-FITC, is shown in green and tubb5 mRNA, detected with tyramide-Cy3, is shown in red. Arrowheads indicate mRNA particles in axons. gV, Trigeminal ganglion; gVII, facial ganglion; gIX, glossopharyngeal ganglion; gX, vagal ganglion. Scale bars, 10 m.
Gal4 under the control of the neuronal huC promoter (elavl3: Gal4; Akerboom et al., 2012) . At 1.5 dpf, we visualized the reporter mRNA using a venus antisense RNA probe, together with the axonal projection of the reporter-expressing neurons using an anti-Venus antibody. This standardized design and common antisense probe for all constructs allowed us to reliably compare results among different experiments.
When expressed in isolated neurons, both the tubb5 3ЈUTR and the nefma 3ЈUTR reporter RNAs were readily detected all along the axon, with frequent accumulation at the growth cone (Fig. 4 B, BЈ, D, DЈ) . For each construct, we scored isolated neurons expressing the reporter mRNA according to three distinct labeling patterns ( Fig. 4L ; see Material and Methods): negative (RNA restricted to the cell body), proximal (labeling restricted to an initial 1-cell-diameter long axonal segment) or positive (RNA in distal part of axon). Quantification showed that 81% of the neurons expressing the tubb5 3ЈUTR reporter and 53% of the neurons expressing the nefma 3ЈUTR reporter, exhibited mRNApositive axons (Fig. 4L) . We then tested in similar conditions the 3ЈUTRs of the huc and neurod mRNAs, which are not endogenously detected in axonal projections (Fig. 4C ,CЈ,E,EЈ). huc and neurod 3ЈUTR reporters were consistently restricted to the cell bodies and proximal axons in 89% and 64% of expressing neurons, respectively (Fig. 4L) . These results largely recapitulated the axonal localization patterns of the corresponding endogenous mRNAs, indicating that their 3ЈUTR contains important localization signals. Whereas tubb5 and huc 3ЈUTRs drive most efficiently reporter RNA respectively in or out of axons, nefma and neurod 3ЈUTRs seem to display more variable behavior in different neurons, suggesting that additional localization signals may reside outside 3ЈUTR sequences, similar to what has been reported for synaptic targeting of mRNA (Meer et al., 2012). However, when we coexpressed myr-mCherry-nefma together with myr-Venus-neurod in the same neurons and directly compared their distribution by two-color ISH, the reporter mRNA containing nefma 3ЈUTR was always found further away from the cell body than the reporter containing neurod 3ЈUTR (Fig. 4M-Mٞ) . Thus, by constitutively driving the expression of equivalent amounts of reporter constructs in the same neurons, our system allows to distinguish between sequences that are more or less efficient to drive axonal localization, and provides an estimate of the propensity of any 3ЈUTR sequence to trigger transport.
Directly assessing the distribution of endogenous ubiquitely expressed transcripts is not possible, due to signal in neighboring tissues masking that of axonal RNA. Nevertheless, the reporter system allowed to test the transport of ubiquitously expressed mRNA, such as the two zebrafish ␤-actin genes (actb1 and actb2), whose chicken orthologues were previously reported as transported in axons (Bassell et al., 1998) . actb1 and actb2 3ЈUTR reporters were found in a large proportion (respectively 87% and 94%) of axons ( Fig. 4F-GЈ,L) . Therefore, both zebrafish ␤-actin genes have retained the ability to be transported to axons. Our reporter system also allows testing RNA sequences from others species. Thus, the well characterized 3ЈUTR of the chicken ␤-actin gene, a canonical axonally localized mRNA (Zhang et al., 2001) , resulted in axonal localization of the reporter mRNA in 84% of reporter-expressing neurons (Fig. 4 H, HЈ,L) . In contrast, when we used a truncated version of the chicken ␤-actin 3ЈUTR without the localization zipcode (Kislauskis et al., 1994) , mRNA labeling within axons accordingly dropped to 19% of the reporter-expressing neurons (Fig. 4 I, IЈ,L) . Similarly, mouse ␤-actin and ␥-actin 3ЈUTRs displayed opposite behaviors in the reporter assay (Fig. 4J-KЈ) , consistent with their contrasted localization profiles in neuronal cultures (Bassell et al., 1998): 80% of mouse ␤-actin 3ЈUTR reporter-expressing neurons had positive axons, whereas the score dropped to 28% with mouse ␥-actin 3ЈUTR (Fig. 4L) . Together, these results suggest that the mechanisms governing mRNA transport are conserved among vertebrate species.
We took advantage of the reporter system to determine which specific motifs in the tubb5 3ЈUTR were important for axonal transport. To this end, we divided the tubb5 3ЈUTR into four fragments and tested each of them in the reporter system (Fig.  5A) . We found that only fragment 223-453 (Fig. 5D ) behaved similarly to the whole tubb5 3ЈUTR (Fig. 5C ): 71% of reporterexpressing neurons showed axonal localization of the reporter RNA compared with 81% with the whole tubb5 3ЈUTR (Fig. 5B) . In contrast, for the three remaining fragments (1-223, 453-683, and 683-911) only 13, 21, and 18%, respectively, of reporterexpressing neurons displayed axonal localization (Fig. 5 B, E,F ) . Conversely, the deletion of fragment 223-453 in the tubb5 3ЈUTR led to a marked reduction in the proportion of neurons with axonal mRNA localization (Fig. 5B) . These results thus show that fragment 223-453 is both necessary for axonal transport driven by the tubb5 3ЈUTR and sufficient to drive axonal localization of reporter mRNA in neurons of the zebrafish embryo.
Finally, we split fragment 223-453 into several overlapping subfragments (Fig. 5G ) and studied their activity using the reporter system. Whereas fragment 223-376 was inefficient in driving axonal localization of the reporter (Fig. 5H ) , both fragments 336 -412 and 376 -453 recapitulated the effect observed with fragment 223-453, with 71% of neurons showing positive axonal localization of reporter RNA (Fig. 5H ) . This strongly suggests that the 37-nucleotide sequence between positions 376 -412 contains a motif of prime importance for axonal transport. To confirm this, the reporter construct was narrowed down to the putative zipcode (fragment 376 -412), and scored for axonal localization. The resulting profile showed that the 37-nucleotide fragment is sufficient to induce substantial transport (59% positive axons; Fig. 5H ), albeit less robustly than either of the larger fragments comprising it.
Together, the above results highlight the role of a novel zipcode RNA motif, contained in a 37-nucleotide sequence of tubb5 3ЈUTR, for axonal mRNA localization in the developing zebrafish hindbrain (D, F, H, I ), spinal chord (B, E, G, J, K ) neurons from embryos injected with reporter constructs containing the 3ЈUTR indicated above each panel, and analyzed at 1.5 dpf by ISH. Reporter mRNA, shown in green (B-K ) or white (B-K), was detected using an antisense venus probe, followed by immunolabeling of myr-Venus-expressing neurons in red. Arrows indicate proximal accumulation of reporter RNAs. Arrowheads indicate RNA particles detected in axons. Asterisks indicate reporter RNA accumulation in growth cones. L, Quantitative analysis of RNA reporter axonal localization, according to three classes: negative axon (reporter RNA only in cell body), proximal labeling (reporter RNA limited to a one-cell-diameter distance from the cell body), and positive axon. (M-Mٟ) Representative spinal chord neurons from embryos coinjected with two reporter constructs, venus neurod 3ЈUTR and mcherry nefma 3ЈUTR, and analyzed at 1.5 dpf by double ISH using venus and cherry RNA probes, followed by myrVenus immunodetection. venus neurod 3ЈUTR RNA detected with venus probe (green), cherry nefma 3ЈUTR RNA detected with cherry probe (red) and axonal projection labeled with Venus antibody (blue). Green arrowheads indicate the most distal venus neurod 3ЈUTR RNA particle detected in axons. Red arrowheads indicate the most distal cherry nefma 3ЈUTR RNA particle detected in axons. ch, Chicken; ⌬, deletion; m, mouse; N, number of scored embryos; n, number of scored neurons. Scale bars, 10 m.
embryo, but also suggest that modulation by the folding context, or the cooperation of several minor additional motifs, are required to achieve full efficiency of transport.
Discussion
Subcellular localization of messenger RNA is increasingly acknowledged as a widespread phenomenon; for example, ϳ70% of transcripts in early Drosophila embryos exhibit specific subcellular distributions (Lécuyer et al., 2007) . In neurons, selective transport and regulated local translation of mRNA have been invoked as a mechanism underlying axon guidance, growth cone homeostasis, and intra-axonal signaling (for review, Jung et al., 2012 ). Yet, little direct evidence of specific axonal mRNA transport in vivo exists in the literature. Because observing mRNA in situ generally involves labor-intensive techniques, observations have often focused on local detection of mRNA protein product as a proxy for mRNA transport (Bassell et al., 1998) , raising the question whether the differences observed between transported (e.g., ␤-actin) and nontransported (e.g., ␥-actin) mRNA represent genuine indications of mRNA transport rather than, e.g., differential regulation of translation of the corresponding mRNA. Moreover, because almost all research on axonal mRNA has involved dissociating neurons, or dissecting explants, before letting them regrow axons in culture, it has been argued that mRNA transport and local protein synthesis observed in such conditions may represent a trauma-induced, regenerationspecific phenomenon, bearing limited relevance to the growth of axons in their normal environment. This view is substantiated by a controversy over what biological functions of the axons really depend on the local synthesis of protein (Roche et al., 2009; Cheever et al., 2011; Nédelec et al., 2012) .
Building upon the large body of knowledge generated by previous work on cultured neurons, particularly transcriptomics studies aimed at characterizing the full complement of axonal mRNA Taylor et al., 2009; Andreassi et al., 2010; Gumy et al., 2011; Zivraj et al., 2010) , our findings provide, for the first time, evidence that mRNAs are transported to developing axons in the zebrafish embryo, a leading model organism for studying early development of the vertebrate nervous system. The axonal mRNA we observe shares several important features with what has been described in culture systems, such as accumulation at the growth cone, signal carried by the 3ЈUTR, dependence on microtubule integrity, and transport of ␤-actin mRNA. Furthermore, by recapitulating this in vivo axonal transport in a reporter system, we show that it stems from a specific property of certain sequences, independent on mRNA expression levels. Finally, we identify a novel RNA zipcode motif responsible for the axonal transport of tubb5 mRNA.
The development of a reporter system assay, in addition to confirming endogenous localization patterns, brings additional insight in several aspects.
First, although it has been suggested that mRNA occasionally detected in axons in vivo could result from glia-to-axon transfer (for review, Alvarez et al., 2000) , this possibility is ruled out in our experiments, because only neurons express the reporter construct. This is confirmed, in the case of endogenously expressed nefma, by the fact that nefma mRNA is not detected in oligodendrocytes.
Second, the reporter system we devised allows to assay the transport of mRNA molecules which could not be observed otherwise, including that of ubiquitously expressed genes (␤-actin) or of mRNA from heterologous species. In addition to supporting the evolutionary conservation of axonal mRNA transport mechanisms, the latter is of particular interest in that it will render possible to test, in the zebrafish embryo, hypotheses related to the axonal transport of any vertebrate mRNA, including those possibly linked to human pathologies (Dahm and Macchi, 2007) , such as spinal muscular atrophy (Akten et al., 2011) .
Finally, it allowed us to dissect the sequence of one transported 3ЈUTR (tubb5) so as to delineate a signal sequence (zipcode) required to trigger axonal localization. Such signal sequences are remarkably sparse in the literature. The canonical example consists in two regions of the chicken ␤-actin mRNA, which need to be deleted to abolish transport in fibroblasts (Kislauskis et al., 1994) , or masked by antisense oligonucleotides to prevent ␤-actin localization in axons (Zhang et al., 2001) . Elucidation of the structure of the Imp1 C-terminal RNA-binding domain bound to its target (Chao et al., 2010) has led to the definition of a consensus binding sequence, representing a candidate "signature" found in several mRNA species, at least one of which is effectively transported to neuronal processes in culture (Patel et al., 2012) . However, the lack of primary sequence motif similarity among known transported mRNA molecules, together with the fact that Imp1-targeted RNA-immunoprecipitation experiments failed to detect significant amounts of Imp1 associated with ␤-actin mRNA in living cells (Hafner et al., 2010) , suggest that the Imp1-zipcode interaction model may explain only a marginal portion of axonal mRNA transport. The newly identified tubb5 zipcode identified in the present work is not only necessary, but also sufficient, for axonal localization. Examination of the zipcode sequence reveals that it is G/U rich and does not contain any of the proposed consensus motifs suggested to mediate binding of Imp1 to its cognate targets (Jønson et al., 2007; Hafner et al., 2010; Patel et al., 2012) , implying that it is of a novel kind. However, the function of the tubb5 zipcode may ultimately depend on its secondary/tertiary structure upon folding, precluding comparison with known motifs: such cases have been described for RNA cis-elements in the Drosophila syncytial blastoderm (Bullock et al., 2010) , as well as in Aplysia neurites (Meer et al., 2012) . Comparison of multiple zipcodes should ultimately help understanding how these signals are interpreted by the cell machinery.
In principle, the detection of mRNA in axons could indirectly result from differences in transcript stability or copy number among different genes. Even though we intentionally selected highly expressed genes (huc, neurod) when searching for nonaxonal transcripts, we cannot formally exclude this possibility for endogenous transcripts because comparing molecule abundance based solely on the intensity of hybridization signals may be biased when using different hybridization probes. In contrast, for comparison among reporter constructs, the use of a common antisense probe allowed evaluation of the global amount of mRNA produced, which was similar for all constructs. It is still possible however that accumulation in axons could result from passive diffusion followed by selective degradation or stabilization specifically in the axonal compartment. Although this could not be tested directly, the fact that axonal mRNA depend on the integrity of microtubules rather argues in favor of a direct transport mechanism.
It is intriguing to note that most our reporter constructs show some degree of axonal localization, with variable extent ranging from very low (such as huc) to very high (such as tubb5). This suggests that the propensity of being transported to axons is, rather than a discrete binary property, a continuous variable, which our system can measure. This has profound implications on the logics underlying mRNA axonal transport, implying that it may not rely on a single all-or-nothing binary determinant, but on the integration of several, potentially positive and negative, signals carried by the 3ЈUTR. This property might explain why studies of the axonal transcriptome show limited overlap in their results: the highest scoring mRNA in one condition can be undetected in another (Table 1 ). The multidetermined nature of axonal localization signals could reconcile this discrepancy if, for example, some signals prevail in certain types of neurons or conditions, whereas different ones do in other cases, making the axonal transcriptome a pool of somewhat variable composition. Further experiments will be needed to confirm this theory.
Overall, our results indicate that axonal transport of mRNA is an important feature of normal development, arguing for further investigation into the regulation and function of axonal protein synthesis in the coordinated growth of axons that forms a whole nervous system. The tools developed in the zebrafish embryo should provide means of getting further insight into these processes.
